This paper examines variation in morphology and allozymes in a hybrid zone between two closely related eastern North American species of field cricket (genus Gryllus). I show that patterns of variation across the zone do not conform to a simple model of monotonic clinal variation. In fact, the hybrid zone is a mosaic of populations. Pockets of "pure" parental forms are found within the hybrid zone, and striking reversals in mean character index score occur along transects across the zone. Treating hybrid zones as mosaics has important consequences for thinking about the dynamics of such zones.
INTRODUCTION
The origin, current dynamics and eventual fate of narrow hybrid zones remain subjects of considerable debate among evolutionary biologists. Hybrid zone origins have traditionally been discussed in the context of the dichotomy between primary intergradation and secondary contact (Mayr, 1942) . Because these processes can produce identical patterns of variation, it is difficult, if not impossible to distinguish between them (Endler, 1977; ; but see Thorpe, 1984) . Consequently, recent attention has focused on the dynamics of hybrid zones and the processes that contribute to their maintenance (e.g., see Endler, 1977; Moore, 1977; Barton and Hewitt, 1981) .
Once formed (by either process mentioned above), hybrid zones may be thought of as stable or transient. Stability is usually viewed as the result of a balance between gene flow and selection (Slatkin, 1973; 1975; Endler, 1977; Barton, 1979a,b ; Barton and Hewitt, 1981) or as a result of selection in favour of hybrids within an ecotone (Moore, 1977) . A balance between gene flow and selection may involve: (a) selection against hybrids (independent of the environment) or (b) a switch in the selective values of genotypes along an environmental gradient. Direct evidence for the long-term stability of hybrid zones is generally not available, but on the basis of indirect evidence, it has been suggested that some zones may have persisted for thousands of years (Short, 1972; Jackson, 1973; Hall and Selander, 1973; Hunt and Selander, 1973) .
Hybrid zones may represent transient phenomena. There are three commonly described scenarios for the eventual fate of a transient hybrid zone: (a) speciation via "reinforcement" (the evolution of pre-mating barriers to gene exchange in response to selection against hybrids); (b) fusion of the two parental types; (c) extinction of one ordisplacement (Walker, 1974; West-Eberhard, 1983) suggest that reinforcement may not be a common evolutionary pathway. In fact, premating barriers to gene exchange may frequently arise outside the zone of contact-a fortuitous result of divergence, not a direct response to selection against hybrids.
To understand the current dynamics of hybrid zones and to make reasonable predictions about their eventual fate, it is essential to accumulate detailed information on both pattern and process within and adjacent to the zones. In previous papers (Harrison and Arnold, 1982; Harrison, 1983; 1985) I have documented the existence of an extensive hybrid zone between two eastern North American species of field cricket (genus Gryllus) and characterised a number of barriers to gene exchange between these species. Here I focus on a restricted segment of the hybrid zone, documenting patterns of variation on a finer scale than in the earlier work and comparing patterns of introgression for morphological and allozyme markers. In addition, I show that there is strong positive assortative mating within the hybrid zone, despite substantial introgression of alleles at loci coding for soluble enzymes.
The hybrid zone between Gryllus pennsylvanicus and Gryllus firmus extends from Virginia to Connecticut, and over much of its length it follows the eastern slopes of the Blue Ridge and Appalachian Mountains (Harrison and Arnold, 1982) . G.firmus is a cricket of coastal and lowland areas from Florida to New England. G. pennsylvanicus is found in inland situations in the northeastern United States and extends south in the mountains to northern Georgia (Alexander, 1968; Harrison and Arnold, 1982; Harrison, unpublished) . Both species overwinter in the egg stage and adults appear in late summer and early fall.
The two cricket species differ in a number of morphological characters, but none of these alone is perfectly diagnostic. Among 25 loci assayed by standard allozyme techniques, none show fixed allelic differences, and the Nei (1972) interspecific genetic distance is only 002-003 (Harrison, 1979, unpublished). However, differences in allele frequencies at three loci (Esterase, Peptidase-1, Peptidase-3) are sufficiently great that alleles at these loci provide useful genetic markers. Crosses between G. firmus males and G. pennsylvanicus females give rise to viable and fertile offspring, whereas the reciprocal cross consistently fails to produce offspring (Harrison, 1983) . This asymmetric outcome is not dependent on the locality from which the parents are obtained. Despite this partial post-mating barrier, individuals of mixed ancestry should be found in the field unless premating barriers are effective in preventing gene exchange. On the Blue Ridge in Virginia, temporal isolation of adults appears to be a significant (but not complete) pre-mating barrier. However, in Connecticut adults of the two species appear synchronously (Harrison, 1985) . MATERIALS 
AND METHODS
Crickets from 25 localities in Connecticut were used in this study (table 1, fig. 1 ). They represent 35 collections made in the late summer/early fall of the years 1980-1983. All crickets were frozen as adults (either immediately upon collection or after rearing in the laboratory from late instar nymphal stages) and stored at _700. Prior to homogenising head and thorax for electrophoresis, the tegmina (modified forewings) were removed from males and measurements made of body length (BL), hind wing length (HWL), and ovipositor length (OL). Tegmina colour for each male (TEG) was determined by comparison with a standard series of tegmina (see Harrison and Arnold 1982) . Horizon- tal starch gel electrophoretic techniques were as described previously (Harrison, 1979) . In this paper I only report allele frequencies for a single Esterase locus (Est) and for two Peptidase loci (Pep-i, Pep-3). These three loci provide the most useful markers for distinguishing populations! species.
To characterise each field collected cricket, I constructed a character index score (I), based on morphological characteristics (TEG, HWL for males, OL, HWL for females) and genotype at each of the three allozyme loci. This index provides a convenient and easy-to-interpret summary of the characteristics of each individual cricket. A scoring 340 A. G. HARRISON system (table 2) was devised using information on morphology and allele distributions in populations considered to be "pure" G. firmus and "pure" G. pennsylvanicus (see Harrison and Arnold, 1982 Other easily measured morphological characters that have been used for describing field crickets (body length, tegmina length, femur length, pronotal length or width) are strongly correlated with HWL. All represent "size" variables, and only one of these characters was used in this analysis. The number of teeth on the stridulatory file is an important character for distinguishing Florida G. firmus from other species (Nickle and Walker, 1974) .
However data in Harrison and Arnold (1982) To assay levels of assortative mating in the hybrid zone, I collected a large sample of fieldinseminated females from a population with a high variance in character index score (J). Each female was provided with an oviposition dish (petri dish filled with moist sand-soil mixture) and allowed to oviposit for 7-10 days, after which the female was frozen. Eggs were treated as in previous studies (Harrison, 1983; 1985) and the resulting offspring of each female were frozen as lst-3rd instar nymphs. From Pep-3 genotypes of mother and offspring, I estimated the frequency of the llele in the population of sperm contributed by the male parent(s). Because females are often multiply-inseminated, I could not unambiguously identify the Pep-3 genotype(s) of the male(s) that sired the female's offspring.
RESULTS

Patterns of variation within and adjacent to the hybrid zone
Patterns of morphological and electrophoretic The overall pattern of variation in the hybrid zone is not one of simple monotonic clinal variation, but instead resembles a patchwork. Populations with high values of I are not restricted to sites far inland but occur adjacent to and even within the hybrid zone. Not far from the coast there are pockets of nearly "pure" G. pennsylvanicus (arrows in fig. 1 ) sandwiched between populations with low values of I. In fact, adjacent collections may have virtually non-overlapping Table 2 Method of calculating character index scores (I) for individual field-collected crickets. Low scores ="G. firmus", high scores = "G. pennsylvanicus". weighting schemes for the two approaches are similar.
To summarise the morphological and electrophoretic characteristics of individual crickets within hybrid zone populations I present histograms of 'm as a function of Je ( fig. 4 ). Fig. 4a shows that such a plot clearly separates individuals from "pure" parental populations.
Populations A, P/ and X are similar to "pure" A second group of hybrid zone populations appears as a discrete cluster in fig. 3 . Geographically, these populations are restricted to sites on or near the coast (F H, J, L, 0, P) or inland along the major river valleys (1 T, V) ( fig. 1 ). At some sites (F, I, L, P) collections consist of a relatively homogeneous array of individuals with the morphological characteristics of G. firmus (Im <4) but with G. pennsylvanicus alleles present at higher frequency than in the "pure" G.firmus populations (le> 5) ( fig. 2, fig. 4e-h ). At other sites (J, 0, T, V) individuals ranging from "pure" G. pennsylvanicus to "pure" G. firmus coexist ( fig. 2 ). Again, a majority of crickets in these populations are morphologically like G. firmus but many of these carry G.
pennsylvanicus alleles ( fig. 4i-l) .
The extent to which G. pennsylvanicus alleles are found in crickets with G. firmus morphology can be illustrated by plotting frequencies of the Est°, Pep-i'°°, and Pep-310° alleles against I,,, for each population ( fig. 5a-c) . A regression line defined by the "pure" parental populations rep- resents expected values if allele frequencies and morphology vary concordantly. For each locus, allele frequencies in hybrid zone populations are shifted away from this line toward values characteristic of G. pennsylvanicus. The shift is most dramatic for the Est locus. The Est'° allele occurs at high frequency in three of the four coastal populations (E, M, and W) and in G.firmus populations elsewhere in the eastern United States (Harrison and Arnold, 1982) . However, in one coastal population (L) and in hybrid zone populations (e.g., F, I, 0, P) Esf'° is greatly reduced in frequency, despite the fact that the great majority of crickets in these populations exhibit the morphological characteristics of G. firmus ( fig. 5a ). fig. 5b, c) . Thus, in a plot of allele frequency against I,,,, Pep-1100 frequencies in hybrid zone populations fall close to (but still consistently below) a regression line defined by the "pure" parental populations ( fig. 5b) The Pep-3'°° allele is fixed or occurs at high frequency (>0.9) in G. pennsylvanicus populations. It is found at much lower frequency (-0.5) in G. firmus and is replaced by the Pep-312° and Pep-37° alleles. Imagine a simple mixed population with the two cricket species equally represented. A majority of females with 100/100 genotypes will be G. pennsylvanicus. In contrast, females having the genotypes 120/100, 100/70, 120/120, 120/70, 70/70 are likely to be G. firmus. With positive assortative mating, many 100/100 females should produce offspring sired by males that contribute only the 100 allele (100/100 males). However, some proportion of 100/100 females will be G.
firmus. The offspring of these females must be sired by G. firmus males, so that these offspring on average should receive the Pep-310° allele only about 50 per cent of the time. Females with genotypes that are not 100/100 should produce offspring sired by the same subpopulation of males. Fig. 6 shows that expectations based on positive assortative mating are met in the 1980 sample from site J. There are consistent differences in the allelic contribution of males to the offspring of females that carry 0, 1, or 2 copies of the Pep-3'°° allele.
A large fraction of 100/100 females produce offspring that are predominantly or exclusively 100/100 genotypes. This implies that these females have most often mated with males having the 100/100 genotype. In contrast, the frequency of the 100 allele contributed by males to offspring of the remaining 100/100 females and to offspring of most females with other Pep-3 genotypes is much lower (i.e., these females have most often mated with males that have genotypes other than 100/100). Within the group of 100/100 females, those that produce a large proportion of 100/100 offspring have short ovipositors ( 16 mm) and thus resemble G. pennsylvanicus, whereas those 100/100 females that produce 10-80 per cent 100/100 offspring have long ovipositors (>16mm) and resemble G. firmus ( fig. 6 ). Most females that carry one or more copies of either the Pep-3'2° or the Pep-37° alleles have long ovipositors. Thus, there is not only an association of Pep-3 genotype and OL, but also clear evidence of assortative mating with respect to these characters. Note that assortative mating persists despite apparent "dedifferentiation" at the Est locus. However, an alternative explanation for the mosaic is that the distribution of character states for each character reflects current selection pressures imposed by the environment. That is, patterns of variation across the zone may reflect an underlying habitat and/or resource mosaic, with some habitats/resources favouring one species (or combination of character states) and other habitats/resources favouring the second species (or a different combination of character states).
If the environment is a mosaic of selection pressures, how will an organism respond? For a single-locus model, Slatkin (1973) considered the effects of a "pocket" in a one-dimensional environment. He defined a "pocket" as a region in which one homozygote is favored surrounded by regions in which the other homozygote has a selective advantage. If the size of the pocket is greater than the "characteristic length" (lv) for spatial variation at the locus under consideration, then variation at that locus will reflect the presence of the pocket. The characteristic length is defined as 1/-./, where 1 is the average dispersal distance and s is a measure of the strength of selection. In Connecticut, both G. pennsylvanicus and G. firmus are flightless; hence individual dispersal distances are not likely to be very great (perhaps of the order of tens or hundreds of metres). Thus, the characteristic length may be small even if selection coefficients for the characters under consideration are not large (e.g., if! = lOOm and s = O0001, then l = 10 km, approximately the size of observed "pockets" within the cricket hybrid zone). In fact, the spatial scale of patches (or the "grain" size (Levins, 1968) ) may be smaller than indicated by the data presented here (requiring larger selection coefficients if selection is to explain the pattern of variation). Obviously, the sampling scheme used in this study would not detect spatial variation over distances less than the distances between collecting sites. Detailed mapping of this hybrid zone suggests that pockets of local abundance of the two species actually occur on a scale much finer than represented here (D. M. Rand, personal communication). Preliminary data also suggest that the mosaic nature of this hybrid zone may result from (or is at least correlated with) the patchy nature of soil types in south-central Connecticut. Crickets with many of the characteristics of G. firmus (the "beach cricket") appear to be restricted to areas of sandy soil (i.e., near the coast and along river valleys), whereas G. pennsylvanicus is found principally on loam. Selection for long ovipositor and/or light coloured tegmina in habitats with sandy soils has been invoked to explain patterns of morphological variation in crickets at other localities (Lutz, 1908; Alexander, 1968) .
A third possible explanation for the pattern of variation is that the environment is a mosaic of different patch types (as required by the selection model), but distributions are a result of crickets selecting habitats rather than habitats selecting crickets. The literature on field crickets suggests that each species tends to be associated with certain habitat types (e.g., woods versus pastures, fields, and roadsides). Experimental evidence (Howard and Harrison, 1984) indicates that crickets in the genus Allonemobius choose between wet and dry areas within the same pasture. Thus, habitat selection certainly could be part of the repertoire of the field crickets involved in the hybrid zone interaction.
Consequences of a mosaic hybrid zone
The notion that hybrid zones are mosaics rather than simple dines has a number of consequences for thinking about the dynamics of these zones. First, it emphasises that the differentiated forms (species) involved in hybrid zones often interact in discrete local populations and that a single hybrid zone will therefore involve many interactions between these forms. Since interactions in different parts of the zone are presumably independent (especially for organisms of low vagility), the outcome may vary from site to site. Deterministic population genetic models of hybrid zone interactions (e.g., Paterson, 1978) suggest that if hybrids are less fit than parentals the rarer parental type (or the rarer alleles at each locus contributing to hybrid unfitness) will be eliminated. Paterson (1978) uses this model to argue that extinction, not speciation, is the likely outcome of such a hybrid zone interaction. But in a mosaic hybrid zone global extinction of either form will be less likely, if proportions of the two forms vary from site to site. If hybrids have reduced fitness, it is difficult for one species to invade a continuous population of the second species, since the recent colonist will almost always be rare compared with the estab- at the Est locus introgressing to a greater extent than alleles at the other two loci. Despite apparent introgression at the allozyme loci, morphological integrity appears to be maintained. Im for samples from F, I, L, 0, and P is, in fact, lower than for samples from two of the three "pure" G. firmus populations.
Evidence for introgression of G. firmus alleles into crickets with G. pennsylvanicus morphology is far less convincing. Within and adjacent to the hybrid zone, populations of crickets that are G. pennsylvanicus in morphology sometimes have higher frequencies of G.firmus alleles than "pure" (1. pennsylvanicus populations (e.g., populations C, K, R, and X for Est ( fig. 5a ) or populations B, G and Q for fig. 5c)) . However, the pattern is not consistent and the frequency differences might represent intraspecific variation and/or sampling variance. The apparent asymmetry in extent of introgression is similar to patterns observed in other hybrid zones. A distinct asymmetry in introgression has been documented for allozymes in the Mus musculus-Mus domesticus hybrid zone in Europe (Hunt and Selander, 1973) . Barton and Hewitt (1981) found this asymmetry "puzzling". They suggested that recent movement of the zone could produce the pattern, but they ruled out this possibility in the case of the house mouse interaction. In the cricket hybrid zone recent movement of both species into newly available habitat, combined with selective elimination of alleles, could have produced the observed pattern.
G. pennsylvanicus alleles at Est (and to a lesser extent, Pep-i and Pep-3) are retained, whereas G. pennsylvanicus alleles at loci controlling certain aspects of morphology are rapidly eliminated.
A lack of concordance between allozyme variation and morphological variation has also been observed in other hybrid zones (e. The population of crickets at site J includes both "pure" parental types and individuals of mixed ancestry (principally individuals with G. firmus morphology and G. pennsylvanicus alleles). Despite evidence for past introgression at the Est locus, there is strong positive assortative mating at this site. Females with short ovipositors and Pep-3 100/100 genotypes almost always produce offspring sired by Pep3lOOROO males. Female field crickets are often multiply-inseminated. Offspring produced in the laboratory by a field-inseminated female mostly reflect the contribution of the last male with which she mated. However, some contribution of sperm from earlier matings is expected (Harrison, unpublished data) . Therefore, these data suggest that at site J G. pennsylvanicus females mate primarily or exclusively with conspecific males.
Although the two taxa have become dedifferentiated at the Est locus, they apparently retain morphological distinctness and at least some of the ecological or behavioural differences responsible for mate selection (see below). In this case (and perhaps for many pairs of hybridising taxa), the species boundary is best viewed as "semipermeable", the permeability varying with the genetic marker used (see Barton, 1979a; Barton and Hewitt, 1981 , for similar ideas expressed in different terms). Genetic exchange between species can occur at some loci without further compromising the integrity of the species boundary itself.
(Since some hybridisation is occurring, the boundary must already be "compromised" to some extent.) Recent data on introgression of mitochondrial DNA has focused attention on this phenomenon for a maternally inherited marker that is unlinked to any nuclear genes (Powell, 1983; Ferris et aL, 1983; Barton and Jones, 1983) .
Another example of the "rare allele phenomenon"
The pattern of variation for the Est4° allele is distinctive. The allele always occurs at low frequency outside the hybrid zone, but is found at relatively high frequency in most of the mixed/intermediate populations. Other hybrid zone studies have documented similar phenomena (the "rare allele phenomenon"-see Sage and Selander, 1979) . One explanation for this pattern is that the allele is of hybrid origin, perhaps having arisen via intragenic recombination in an individual of mixed ancestry (see Watt, 1972) . Of course, other explanations could also be invoked-e.g. it could be argued that this allele is only favoured in those habitats occupied by crickets of mixed ancestry.
What is the basis of assortative mating within the hybrid zone?
Previously I have shown that in the laboratory G.
pennsylvanicus females can produce fertile offspring sired by males of either species, but G. firmus females produce offspring only when mated with conspecific males (Harrison, 1983) . This asymmetric post-mating barrier cannot explain why G. pennysivanicus females in mixed populations produce offspring sired primarily by G. pennsylvanicus males. Nor can the evidence for assortative mating be explained by temporal isolation, since adults of both species appear synchronously at site J (Harrison, 1985) . The two most likely explanations for positive assortative mating are (1) habitat isolation and/or (2) behavioral isolation involving mate choice by female crickets. I have already suggested that the two cricket species occupy distinct habitats (or soil types). If this association extends to a very fine spatial scale, both habitat types may occur at site J, and crickets could be spatially (ecologically) separated.
The traditional view of mate choice in crickets is that male crickets produce a species-specific calling song that attracts conspecific females (Alexander, 1962) . Alexander (1957) reported that the songs of G. firmus and G. pennsylvanicus are similar, but can be distinguished by differences in pulse repetition rate. Analysis of songs of males from allopatric populations in Connecticut (sites E and S) reveal only very small differences in mean pulse repetition rate, with some overlap between the two species (Harrison, unpublished) .
Thus, song differences are not necessarily an obvious basis for mate choice in this system.
However, experiments in which G. pennsylvanicus females are caged in the laboratory with paired males of G. firmus and G. pennsylvanicus (from sites E and S, respectively) result in females producing offspring sired primarily or exclusively by conspecific males (Harrison, unpublished) . Thus, there is reason to believe that assortative mating has a behavioural component.
Evidence for positive assortative mating in
Connecticut contrasts with observations of interactions between the same pair of species in Virginia. Along the Blue Ridge, adults of G. firmus and G. pennsylvanicus are temporally isolated (Harrison, 1985) . But during the period in late summer when adults of the two species do occur together, there is no evidence of positive assortative mating (Harrison 1985) . In Connecticut, where temporal isolation is not a factor, there appears to be strong positive assortative mating. It is tempting to argue that selection against hybridisation has led to behavioral isolation at sites where other barriers to gene exchange are not operating. The existence of behavioural barriers between crickets from "pure" allopatric populations (E and S), however, suggests that the differences responsible for these barriers may have arisen prior to formation of the hybrid zone or at least independent of it. Certainly, a detailed analysis of the "cost of hybridisation" in this system must precede any detailed discussion of whether reinforcement has played a role in the origin of barriers to gene exchange.
